Abstract: Naphthenic acids (NAs) are complex mixtures of cycloaliphatic and alkyl-substituted acyclic carboxylic acids, the overall characteristics of which are determined by the composition of the mixture. A complex mixture of NAs from a commercial fraction of atmospheric oil of the Vojvodina naphthenic crude oil "Velebit" (Serbia) was separated into narrower fractions based on their acidity. Electrospray ionization mass spectrometry analysis of the fractions showed the occurrence of structural differentiation of the acids. By extraction at pH 3-5, about 50 % of the total mass of acids, consisting predominantly of tricyclic and bicyclic structures, was separated. Acids of lower acidity, (about 22 %), separated at pH 9 and 10, and their dominant constituents were acids with three-, four-and five-membered rings. A correlation was found between the dominant structure and the biological activity of the NAs of the fractions. The fraction extracted at pH 8, also with dominant bicyclic and tricyclic structures, showed the highest auxin and gibberellin activities.
INTRODUCTION
Naphthenic acids (NAs) are carboxylic acids that are natural constituents of naphthenic oils. [1] [2] [3] In the process of commercial oil fractionation, the NAs are distributed into fractions and, in some commercial processes, they have to be extracted since they lower the quality of the crude oil product. The amount of NAs commercially extracted in the USA in 1992 was estimated to be 5500-6000 t. 4, 5 About 80 % of the isolated NAs are transformed into their salts, primarily to cop-was also performed on silica deposited with KOH, by which NA fractions of different acidity could be recovered from crude oils. 25 Separation of the acid components of crude oil on anionic ion-exchange resins resulted in carboxylic acids with a molecular mass distribution that differed from that of the normal alkanes in the crude oil. 26 Ashumov et al. 27 reported fractionation of NA mixtures by stepwise degradation of their soaps. The naphthenic acids were saponified with sodium hydroxide and then the soaps were decomposed gradually with HCl into different fractions.
Naphthenic acids are mainly weak acids with pK a values in the range from 5 to 6. 28 They dissolve well in organic solvents, whereas their solubility in water depends on the pH. In a very acidic medium, when the NAs are present in the protonated form, they are practically insoluble, whereas in a very basic medium, they dissolve in the water as their salts. Headley et al. 28 showed that the mass profiles of water-soluble NAs differed significantly depending on the pH of the medium. This fact indicates that different classes of these acids are dissolved at different pH values. Based on this study, 28 and knowing the properties of NAs, such as their solubility in aqueous media and their pK a values, it can be supposed that it is possible to fractionate a mixture of NAs by dissolving them as salts at a high pH and then, by addition of a strong mineral acid, achieve a successive and selective separation of the water-insoluble acids, which can then be readily extracted with an organic solvent.
The aim of the presented work was to investigate the possibility of fractionation of NAs based on their solubility in aqueous media of given pH values and then characterize the obtained fractions and study their biological activity of the type of the plant hormones auxin and gibberellin. These tests were realized in an attempt to explain the effect of these fractions on plant rooting, observed in a previous study. 28 
EXPERIMENTAL

General methods
All employed chemicals were purchased from Fluka. Naphthenic acids were isolated from an atmospheric oil fraction (distillation interval 168-290 °C) of Vojvodina crude oil "Velebit" by the optimized procedure of alkaline extraction. 29 Further purification was performed by triple repeated alkaline extraction and drying with anhydrous Na 2 SO 4 . The average molecular mass of the naphthenic acids was determined 29 (ASTM D3238) to be 262, and this value was used in the further experiments.
Fractionation of NAs
The mixture of NAs (1.00 g, 3.82 mmol) was mixed with distilled water (300 mL) at room temperature and then 5 % NaOH solution (≈10 mL) was added under constant stirring until pH 11 was attained. After complete dissolution of the NAs, 5 % H 2 SO 4 was added in small portions (1 mL) under cooling and constant stirring. When the pH had decreased by one unit, the insoluble NAs, separated on the top of the solution, were extracted three times with diethyl ether (30. one unit was continued until pH 2 was achieved. The extracts were dried over anhydrous Na 2 SO 4 and the diethyl ether was removed by evaporation under reduced pressure.
Characterization of NAs
Group-structural analysis was performed by mass-spectrometric fragmentation to quasimolecular ions by a soft ionization technique in either the positive or negative ion mode. Lowresolution high performance liquid chromatography coupled with electrospray ionization mass spectrometry (HPLC-ESI-MS) spectra were recorded on a Finningan LCQ advantage MAX spectrometer (Walthman, USA). The spectra encompassed a molecular series of protonated and sodiated molecular ions of the acids The injected sample volume was 50 μL, and the reference was the molecular ion of 5-cyclohexylpentanoic acid. The search range was 50-600 amu. Spectra were analyzed by the Xcalibur program (Thermo Fisher Scientific).
Determination of the auxin and gibberellin activities of the NA fractions
The auxin activity of the total NAs and its fractions was determined by the test of inhibition of germination of brown mustard (Brassica juncea L.), based on counting the germinated seeds after treatment with potassium naphthenates at a concentration of 1.0 mg dm -3 and the corresponding concentrations of 3-indoleacetic acid (IAA). 30 The gibberellin activity of the total NAs and its fractions (potassium salts, 1.0 mg dm -3 ) was measured by the barley--endosperm test, using the corresponding concentrations of gibberellin GA 3 for comparison. 31 The experiments were repeated three times. Statistical significance was tested by one-way Anova followed by comparisons of means by the Duncan multiple range test (p < 0.05).
RESULTS AND DISCUSSION
Separation of NAs into narrower fractions
By the described fractionation of total NA preparation, the major part of the NAs was separated in the acidic range (pH 2-5, 62.5 %), then in the basic range (pH 9-10, 22.3 %), and the smallest in the neutral range (pH 6-8, 13.2 %) (Fig.  1) . Bearing in mind that the procedure allows the gradual protonation of the acids and their separation into fractions, the obtained results suggest the existence of two groups of acids -weaker ones that were separated in the basic range and stronger ones that were separated in the acidic range.
Comparative structural analysis of the isolated NA fractions and the total NAs
Acids separated at pH 4. At pH 4, 23.9 % of the total NA mass was isolated, which means that the majority of acids had a higher relative acidity. The mass ratios of the NA classes as correlated with the homologous z-series in the mixture of acids extracted from the aqueous solution of the total NAs at pH 4 are presented in Table I . There were no pentacyclic structures among the isolated acids and the dominant acids being were structures having 18 to 21 carbon atoms in their molecule (36.5 %); additionally, the ratio of fatty acids was very small (9.7 %). Acids separated at pH 8. Only 5.9 % of total acids were extracted at pH 8, and an analysis of the HPLC-ESI-MS spectra showed that dominant series of acids were bicyclic (z = 4, 32.5 %) and tricyclic (z = 6, 32.5 %) structures (Table  II) . The ratio of fatty acids was only 7.2 %; tricyclic acids were present at approximately the same level as at pH 4, but there are significantly more bicyclic structures with 20 to 25 C atoms in their molecule. No pentacyclic structures were found in this mixture. Acids separated at pH 10. Structures with the lowest acidity are the NAs that were insoluble in an aqueous medium of pH 10, and their ratio in the total mixture was 9.6 %. While the acid series with z = 4 and z = 6 were dominant in the fractions isolated at pH 4 and 8, this was not true for the fraction of weakest acids, isolated at pH 10 (Table III) . In this fraction, the ratio of acyclic acids was 25.3 %, while pentacyclic acids (z = 10) appeared for the first time (12.0 %). Table III shows that structural differentiation occurred since the molecular ions of pentacyclic acids (12.0 %) of the series [M+H] + were evidenced. In the spectrum, acyclic z-class of acids were dominant (25.3 %), with the prevailing structures having 19, 20 and 21 C atoms (16.3 %). The ratio of tetracyclic acids was 17.7 %, with the dominant molecules having 22, 23 and 26 C atoms; the dominant tricyclic acids also had 22 to 26 C atoms in their molecules.
There was a sharp differentiation of acids not only into classes (z-series), but also within the same class with respect to the number of C atoms. Fatty acids, mono-, bi-, tri-and tetracyclic acids were differently distributed in all three fractions, as can be seen in Fig. 2 . Pentacyclic acids, the content of which in the total mixture was the lowest, are the evidently weakest acids and hence the least soluble, so that they were concentrated in the fraction isolated at pH 10. At this pH, most of the fatty acids were isolated, whereas decreasing the pH resulted in less and less tricyclic structures in the mixture, which indicates their increasing average acidity. In this way, proof was obtained for the possible fractionation of NAs by their extraction with diethyl ether from aqueous media of different pH values. It is to be expected that naphthenic acids from different sources could be frac- 
Auxin and gibberellin activities of the total NAs and its fractions
In respect of auxin activity, the total NA preparation and the fraction separated at pH 10 exhibit the same activity which corresponds to an IAA concentration of 0.05 mg L -1 , whereas the fraction separated at pH 4 showed a somewhat lower activity (16.4 % lower than that of the total preparation). The highest auxin activity (19.6 % higher than that of the total preparation) was exhibited by the fraction separated at pH 8, which corresponded to an IAA concentration of 0.5 mg L -1 (Fig. 3) . The separated NA fractions showed much greater mutual differences with respect to the gibberellin activity (Fig. 4) . Again, the fraction separated at pH 8 showed the highest activity (92.3 % higher than that of the total preparation), which corresponds to a GA 3 concentration between 1×10 -3 and 1×10 -2 mg L -1 . The fraction separated at pH 4 showed an insignificantly higher activity compared to that of the total preparation, whereas the fraction separated at pH 10 exhibited a significantly lower activity (46.1 % lower than that of the total preparation). The NA fraction separated at pH 8 was characterized by the dominant presence of NAs with bicyclic and tricyclic structures, which were present in equal ratios. As is evident from Fig. 3 , the treatment of brown mustard seeds with potassium naphthenate caused inhibition of their germination, which may be a result of an activity similar to that of plant hormones of the auxin-type, although phytotoxic activity cannot be excluded. Namely, it is known that naphthenic acids can exhibit phytotoxic effects which depend on the concentration and plant species. [32] [33] [34] That the activity of the total NAs and its fractions is similar to that of the plant hormones auxin is supported by the recently emerging hypothesis that the synthetic auxin 1-naphthaleneacetic acid (NAA) has a similar structure to those of the NAs in the z = 4 family. Although NAA has an aromatic ring structure whereas the NAs are aliphatic, there is a possibility that the NAs operate through the same receptors as the auxin NAA. 35 In addition, it was recently established that one or more of the compounds present in the naphthenic acid mixtures bind to the androgen receptor in a manner similar to that of flutamide, a powerful metabolite for binding to androgen receptors. 36 
CONCLUSIONS
Complex NA mixtures can be separated into narrower fractions based on the differences in their acidity. The obtained fractions differed in respect to their
